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An example of aCMOS 
integrated circuit. This 
particular chip is used in 
telephone equipment to 
handle keypad dialling. 
(Photo courtesy SGS). 


18. MOS two-input 
positive NAND gate 


(left) and symbols for 
NAND function. 


(continued from Part 3) | 


Further gates using MOS 
transistors 


In common with most digital sub-systems, 
the keyboard encoder described previous- 
ly needs AND gates and OR gates. 
However, AND and OR gates are not 
as easily built with MOS transistors as 
certain other gate circuits. So, in practice, 








combinations of these alternative circuits 
are used to replace the AND and OR 
functions. 


The first of these is shown in figure 
18. The left side of the diagram shows that 
this circuit is an inverter (similar to the one 
shown in figure 17) but this time it has two 
input transistors in series. Now the output 
can only be connected to ground when 
both input transistors are on. (If more 
inputs are needed more input transistors 
can be connected in series). Another way 
of describing how this circuit works is to say 
that for the output to be low, all the inputs 
have to be high. From this it follows that if 


just one input is low then the output is 
high. Se 


The use of ‘H’ and ‘L’ in function tables 
The way this type of gate works is shown in 
the function table on the left-hand side of 
figure 18, where ‘H’ and ‘L’ are used to 
indicate high and low voltage states. 
Assuming the same values we have used 
previously, H is associated with a potential 
of 10 volts and L with 0 volts or earth 
potential. | | 

These symbols are commonly used in 
all the function tables supplied by the 
manufacturers of digital circuits. The 
reason for this is that we can’t use the 
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_ terms ‘on’ and ‘off’ since the outputs are 
always ‘on’ in a sense, as they are con- 
nected to the earth or the supply voltage. 
What distinguishes one electric state from 
another is the voltage level present in a 
wire. So H (high) and L (low) mean the 
same thing in real digital circuits as on and 
off in the imaginary switch circuits we have 
been using as examples. | — Peis TE 





NAND circuits 

If positive logic is used and 1 replaces 
each H in the function table while O 
replaces each L, then the function table 
becomes a truth table as shown on the 
right in figure 18. This particular type of 
digital function is called NAND because it is 
the inverse of an AND gate. In other words 
itis a NOT-AND agate. 

So, diagrammatically, you can repre- 
sent the circuit by an AND gate followed by 
an inverter. The usual symbol isacom- — 
bination of the two i.e. an AND gate witha 
little circle at the output indicating inver- 
sion. Since the circuit shown on the left of 
figure 18 carries out NAND functions when 
positive logic is used, it is known as a 
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positive NAND gate. 
Truth tables of the most common 
NAND gates 
The truth tables for two, three and four oo _  , 
input NAND gates are shown in figures 18 eS | — 
and 19. A BO. : : 7A] eB 
In the diagram shown in figure 18, A Po. S tHe tL oO 0 | 
and B are the two inputs and Q the output. Li Al; tL) - 0] 1 
A, B and Q can assume one of the two rLrrhr—™OOOr—OSCSsSS i 
possible values: 0 or 1. There are, there- oe 


fore, 2* = 4 different input combinations 
and two possible output conditions shown 
in the truth table. As you can see, the logic 
state O is only obtained when both the A 
and B inputs are at 1. | 

For a NAND agate with three or four 
inputs as shown in figure 19, we have 
respectively 2° = 8 and 2* = 16 different 
input combinations, yet only one of these 
will result in an output state of zero, as 
shown by the truth tables. 

Therefore, a NAND gate can be | 
defined as a binary circuit with two or more 
inputs and a single output, that will be logic 
O only when all the inputs are at logic 1. 
The output will be logic 1 if any inputs 
are 0. 











DIGITAL ELECTRONICS 











19. Three and four-input 
positive logic NAND 
gates, with truth tables. 


20. MOS two-input 
positive NOR gate 


circuit (left) and symbols 
‘for NOR function. 


21. Three or four-input 
positive logic NOR 
gates, with truth tables. 


What is a NOR gate? 
Figure 20. shows another type of MOS 
gate: in this case, a positive NOR gate. 
The NOR (NOT-OR) function is shown by 
the truth table on the right: its output 
equals 1 only when all the inputs are at 0. 
A NOR agate functions therefore like an OR 
circuit followed by an inverter, so the 
symbol commonly used to represent it is 
that of an OR gate followed by a small 
circle to indicate inversion. It is easy to see 
how the circuit on the left is a positive NOR 
gate: the application of a high signal to 
either one of the two input transistors 
switches the output to ground. 

But if neither of the two input transis- 


— tors is on (conducting), the current which 


passes along the load transistor supplies a 
high output signal. As in the case of the 
positive NAND gates, NOR gates can be 
made with as many inputs as required by 
simply adding input transistors. 


Truth tables for the most common 


NOR gates 
The symbol for a NOR gate with two inputs 


A and B, and an output Q, is shown in 
figure 20. Since the inputs can again have 


' four distinct combinations (27 = 4), there 


are four distinct input/output conditions 
shown in the truth table. The output is in 
logic state 1 only when the inputs (A and 
B) are both 0. 

Figure 21 shows the symbols and the 
truth tables for three and four input NOR 
gates. As before, the logic state 1 is present 
at the output only when all the inputs are at 
logic level 0. Therefore NOR can be 
defined as a binary circuit with two or more 
inputs and a single output which is at logic 
level 1 only when all the inputs are at 0. 


How do we use MOS gates in the 
encoder? 

In designing integrated digital circuits, 
NAND and NOR gates are preferred be- 
cause they are easy and practical to make. 

In figure 22 you can finally see how 
the keyboard encoder is constructed. 
Compared with the original encoder in 
figure 10, positive NAND circuits take the 
place of all the gates and one inverter has 
been added. ie 

However, the arrangement and the 
connection of the various components 
remain the same as before. Suppose that 
the number 5 key is pressed. Numerical 
line 5 will then be the only one to assume : 
logic level O (since only its relative NAND 
gate has both inputs at 1). 

The only NAND gates to receive 
input signals from the number 5 NAND 
gate are those relating to the output lines 
marked by numbers 1 and 4. This puts 
these lines to logic level 1 (remember a 
NAND gate gives a 1 output when at least 
one of its inputs is at logic level 0). The final. 
result is the configuration 0101 in the 
output lines, which represents number 5 in 
binary code. 

If we now look at the NAND gate 
producing the ‘number ready’ signal we 
can see that the inverter turns the 1 in input 
N into a O going into the NAND gate. Since 
both inputs to this gate are not 1, the 
output is 1. 

This then is a very convenient way of 
building an encoder. All the logic gates are 
NAND gates apart from one inverter, and 
even this could be replaced by a two- 
input NAND gate with one input held 
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permanently at logic level 1. 


Positive and negative logic 

We have been referring to positive logic 

NAND and NOR. It’s important to 

understand why you need to know which 
pe of logic is being used. 

Let’s take just the two NAND gates 
connected to scan lines 8 and 9 and the 
NAND gate connected to number 8 of the 
binary number output as in figure 23. 
Remember each NAND gate can be 
thought of as an AND gate followed by an 
inverter. If a dotted line is drawn around all 
three inverters it will also enclose the third 
NAND agate. In this box negative logic 
applies because L = YES and H = NO. A 
low from either of the inverters means yes 
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one of the two keys has been pressed and 
the resulting low from the AND gate means 
yes, either key 8 or key 9 has been 
pressed. The function table for the AND 
gate is shown in table 1. Because negative 
logic is being used a low now equals 1 as 
shown in table 2. This truth table is the 
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same as that for an OR function. 
Thus we can see that a positive AND 


gate is a negative OR gate, and a negative 
AND agate is a positive OR gate. The same 
relationship applies to NAND and NOR 
gates. 

All the circuitry inside the dotted lines 
in figure 23 could be represented by a 
single OR gate, in which case it would look 
just like part of the encoder which is shown 
in figure 10. As previously explained 
however, real circuits are built using NAND 
and NOR gates because they are easier to 
construct. 
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22. How to build the 
decoder from figure 10 
by using positive NAND 


gates and an inverter, 
as ina real MOS IC chip. 


23. NAND gates 


mS 


feeding a NAND gate = 


can be thought of as 
AND gates feeding an 
OR gate. 





























24. An AND gate 
made with diodes. 


Oy 


Constructing gates using 
bipolar transistors 





AND gates can be constructed using 
suitably connected discrete components 
such as diodes and bipolar transistors 
basic NPN or PNP type). These 
components are explained more fully in 
the section on Solid State Electronics. 
However its’s worth briefly mentioning 
how a diode works before describing the 


actual circuits in detail. 

A diode is a undirectional conductor. 
That is, it allows current to flow in one 
direction only. When the anode is more 
positive than the cathode (forward bias), 
the diode has a very low resistance and 
current flows. When the cathode is more 
positive than the anode (reverse bias), the 
diode has a very high resistance and no 
current can flow through it. 

In figure 24a the anodes of diodes D, 
and Ds are connected to + 10 volts via 
resistor R. If a signal of O volts is applied to 
the cathodes (figure 24b) the diodes will 
become forward biased and current will 
flow through them. The output at point Y 
will then drop to about 0.7 volts (the 
voltage dropped across the very low 

resistance of the diode). This is considered 
as logic 0. 
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If input A is now raised to 10 volts 
diode D, stops conducting, but diode Do 
continues conducting and point Y stays at 
Q.7 volts: logic 0. A similar thing happens if 
point B is put to 10 volts and point A is at 
Q. Figure 24c shows how the reverse 
biased diode (D, in this case) can be 
considered as an open circuit. 

When the cathodes of both the 
diodes are connected to 10 volts (reverse 
biased) they both act as open circuits and 
the voltage at point Y goes up to 10 volts. 
Figure 24d shows how the circuit appears 
with the cathodes of both diodes 
connected to 10 volts. This is then logic 1. 

To sum up the operation of the 
circuit, assuming that positive logic has 
been used (0 = 0.7 Vand 1 = 10 V): 
when one or both inputs are O, the output 
is 0; when both inputs are 1 the output is 1. 
If you draw the truth table for this circuit 
you will find that it is just the same as the 


truth table given earlier for a positive logic 
AND gate. 


Making an AND gate using transistors 
A transistor can be in three distinct states; it 
can be off, it can be on, and it can be 
somewhere in between. More precisely the 
transistor is off when there is less than 0.7 
V between the base and the emitter, and 
on when the base-emitter voltage is over 
0.7 V. In this fully on state the transistor is 
described as being bottomed. The ‘in 
between’ state isn’t very important in 
digital electronics. | Se 

Now consider the circuit in figure 25a 
which is composed of three NPN transis- 
tors. Applying O V (ground) to both A and 
B inputs, the transistors T; and Ts would 
both be off and as a result would act as an 
open circuit (figure 25b). The base of Ts is 
at a positive potential which causes it to 
operate and therefore output Y is 
grounded (0 V), i.e. it is at logic 0. 

If 10 V is applied to input A while the 
O V signal remains applied to B, transistor 
T, is bottomed, while Tz operates as 
before — so output Y is again at 0 V. 
Therefore we can see that for the output to 
be 1, i.e. 10 V, both T; and Ts must be 

bottomed. 

In this case, in fact, the base of T3 
would be at 0 V (earth), T; would behave 
as an open circuit and the Y output would 
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then all the transistors conduct and point Y NAND function made from transistors. 
isheldatlogicO. The transistor logic NOR circuit is 
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shown in figure 29b. If a voltage of 10 volts It should now be clear that digital | 
: (1) is applied to point A, with both the systems can make decisions. The designer 7 
other inputs B and C at 0 volts (0), then of a system just breaks down complex _ 
transistor T, will conduct causing point Y decisions into smaller ones that are simple 
to go to a very low voltage (0). Point Y will | enough to be made using gates. There are 
remain low (0) as long as one or more of five basic kinds of gate to choose from: 
the inputs is at 10 volts (1). If all the AND, OR, NAND, NOR and NOT. > 


| inputs are at O volts (0), none of the In reality the range of gates is often | 
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29. Three-input NAND 
(a) and NOR (b) gates 
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ansistors conduct and point Y will be at reduced depending on the particular type - 
10 V (1). of integrated circuit chosen for the system 
Summarizing the action of this circuit, design. 

it can be seen that when one or more of Often, as in the example of the | | 
the inputs is high (1) the output will be encoder, the choice is limited to just | 
low (0), while with all inputs low (0) the NAND, NOR and NOT gates. However, as | 
output will be high (1). This of course is the you have seen, by using suitable —_— 
NOR function. combinations these gates can be made to 
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digital IC magnified by a 
factor of 110 using an 
electron microscope. An 
IC can have more than 


NAND (c), NOR (d), and 
50,000 logic gates. 


30. A digital circuit that 
acts like an AND gate. 

31. Alternative methods 
of making and repre- 
senting AND(a), OR (b), 
NOT (e) gates. 


Part of a monolithic 
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32. Example of a 
digital signal. It has 2 
levels (0 and 1). 


33. Generalized block 
diagram of a digital 
device. 


Gating a digital signal 





We have seen how gates are used to make 
decisions based on digital signals. Another 


equally important job they can do is to 
control or ‘gate’ a digital signal. 

But what is a digital signal? It is a 
series of pulses with just two levels. The 


classical digital signal (figure 32), is a binary 


signal which is defined as a voltage or 


current that carries information in the form 


of two distinct states which are separated 


from each other by discrete time intervals. 


One state is logic 0, which normally 
corresponds to 0 volts or earth potential, 
the other state is logic 1 which in general 


corresponds to the supply voltage. When a 


current signal is used logic 0 corresponds 


to zero amps while logic 1 is usually 20 mA 


(positive logic). 


Operations on a single digital signal 

A digital circuit is one that operates ona 
digital input signal, changing it to a digital 
output signal as shown in figure 33. Let’s 
go a little further into this explanation. 
Suppose the input is a series of pulses. A 
clock pulse, for example, is a series of 
regular pulses changing from 0 to 1 and 
back again. This is generally used to 





control and regulate the operation of digital 
circuitry. The time taken to complete the 
transition is the clock period. A clock pulse 
of this type is shown below: 


] 
0 


Alternatively a clock pulse can be 
defined as starting from 1, going to 0 and 
back again, as shown below: 


1 


0 
A sequence of clock pulses can be 


represented as | 

i | 

ge ill el ae 
or as 

1 


Fs i ie do a cad pe 
Note that the sequences are inverse, 

like the two individual pulses above. What 

then happens to this sequence of clock 


pulses when it passes through different 
digital devices? 


Transmitting and gating 

The simplest operation one can carry out 
on a sequence of pulses is that of transmit- 
ting it unchanged. This is done by a wire 
(figure 34a). The next simplest is that of 
inversion; using an inverter (figure 34b). A 
third simple operation is that of amplifying 
the pulses by means of a buffer, a driver or 
an amplifier (figure 34c). 

Each of the three operations just 
mentioned involves handling an input 
signal in a consistent way; there is no 
variable control placed on the signal. 
Gating a signal means controlling it, 
turning it on or off, depending ona 
particular set of circumstances. Four simple 
gates are used: AND, NAND, OR and NOR. 


A sequence of pulses through an AND 
gate 

When a gating signal to an AND gate is at 
logic O the input data, such as a sequence 
of clock signals, cannot pass through the 
gate. This is shown in figure 35a. When, on 
the other hand, the gating signal to the 
AND is at 1, the input data is transmitted 
directly to the output (figure 35b). 
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A sequence of pulses through a NAND 
gate 7 

A NAND gate (Negated AND gate) oper- 
ates in a similar way to the AND gate. 
When the gating signal is at logic 0, the 
input data is blocked (figure 36a). When 
the gating signal is at logic 1, the output 
data will be the input data inverted. This is 
represented with a series of clock pulses in 


figure 36b. 


A sequence of pulses through an OR 
gate 

In an OR gate, the input data is blocked by 
the application of logic state 1 at the gating 
signal input (figure 37a) which gives a logic 
state 1 at the output. Logic 0 causes the 
input data to be transmitted to the output 


(figure 37b). 


A sequence of pulses through a NOR 
gate 

A NOR (Negated OR) gate bears the same 
relation to an OR as a NAND to an AND. 
As for an OR, the application of a gating 
signal 1 prevents the transmission of the 
data to the output (figure 38a). A logic 0 
gating signal will output the inverted input 
data as shown in figure 38b. 


Three-input gates 

Logic devices with more than two inputs 
can be used for gating a digital signal. 
Figure 39 shows examples of the conven- 
tional representation of gates. These are 
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standardized for the electronics industry 
and do not specify the type of gate (AND, 


OR, NAND, NOR) used. 
Figure 39a shows the general symbol 








34. A series of pulses 
transmitted via a wire, 
inverter, and amplifier. 


35. A gated signal 
using an AND gate: 
signals can be blocked 
(a) or gated (b). The 
output signal is the same 
as the input signal. 


36. Gating a signal 
using a NAND gate: the 
signals can be blocked 
(a) or gated (b). The 
output signal is inverted. 


37. Gating a signal 
using an OR gate: 
signals can be blocked 
(a) or gated (b). The 
output signal is the same 
as the input signal. 
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38. The gating signal 
applied to a NOR gate. 
The pulse shown can be 
blocked or inverted. 


39. Normal representa- 
tion of gates with (a) three 
inputs (b) multiple inputs. 


The advance of semi- 
conductor technology. 
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for a gate with 3 inputs. There is one single 
data input and two gating inputs. Accord- 
ing to the nature of the gate and the logic 
states of the two gating signals, the data 
input can be blocked or sent through the 
gate to the output line. 


Multiple input gates 

Figure 39b represents a multiple input 
gate. These are used very extensively in 
most digital systems. Generally only AND 
and NAND gates are available with 
multiple inputs. 
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These technicians are 
using computer-aided 
design to configure 
standard logic cells into 
special circuits on a 
single IC. 
: (Photo: courtesy S.G.S.) 
Glossary 
AND gate . pe of switching circuit which gives a logic 1 output only when the 
inputs are simultaneously logic 1 
MOS transistor | a transistor composed of metal oxide and semiconductor which uses 
) ie an electric field to control current — : 
NANDgate —___ typeof switching circuit which gives a a logic 1 output only when the 
| ,r—...:siséié‘CR# inputs are simultaneously logic 0 __ 
| negative logic | lege according to which the | value ‘on’ is associated with logic Oand 
rr the value ‘off with bool | ? 
NORgate ype of switching circuit which gives. a 4 logic 1 output only when one | 
| or more of its inputs is logic 0 . > 














NOT gate or typeof etching circuit the a of which is the inverse of its input 

inverter : | 

OR gate oo : pe of switching circuit which gives a logic 1 output when one or 
more of its imputs is logic 1 

positive logic logic according to which the value ‘on’ is associated with logic 1 and 
the value ‘off’ with logic 0 

truth table table which unites all possible input combinations with the relative 

; | | outputs 
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SOLID STATE 
ELECTRONICS 


Two different diodes. 
The larger one is used as 
a rectifier. 





1. The schematic 
symbol for a diode. 

The electron flow is in the 
opposite direction to the 
large arrowhead that | 
forms part of the symbol. 


Diodes: the simplest type 
of semiconductor 





Having discussed in general terms what 
semiconductor devices can do let’s now 
look at some specific examples. Diodes are 
the logical starting point for two reasons. 
They are the simplest type of semiconduc- 
tor device and the basic understanding of 
how they work can be applied to other 


types such as transistors, integrated circuits 
and even large-scale integated circuits 


(LSI). 


What is a diode? 

Diode means ‘having two electrodes’ and 
the diode is simply a package with two 
terminals or wires. The diode’s most im- 
portant function is to act as a one-way 
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Introducing diodes 

















valve for the passage of electrons. It allows 
electrons to pass in one direction only, 
from the cathode (negative terminal or 
emitter) to the anode (positive terminal or 
collector), but blocks their passage in the 
other direction. Figure 1 shows the direc- 
tion of electron flow in a symbol for a 
diode. Remember that conventional cur- 
rent flow is in the opposite direction. The 
diode is therefore basically a switching, 
rather than varying, device. 

Most semiconductor circuits operate 
on direct current and one of the main 
applications of diodes is to convert alter- 
nating current (ac) into direct current (dc). 

Figure 2 illustrates the normal ac 
wave form ‘A’. This type of current will not 
allow the dc motor shown here to work. If 
a diode is inserted into the circuit as shown, 
it will allow the top half of the wave form to 
pass, but not the bottom half. It is as if 
everything below the broken line (0 V) 
were rubbed out. All the current pulses 
which pass are sent in the same direction. 

This function is called rectification. 
In this case it is half wave rectification, as 
we are left with only half the original wave 
form. Diodes built specifically for this 
purpose are called rectifiers. They are 
capable of high power dissipation at low 
frequencies. 3 

Obviously the current pulses which 
remain after rectification are not a very 
regular source of power. So we can include 
a capacitor to smooth out the waveform to 
that shown by B in figure 2. 

A capacitor is a bit like an electron 
storage tank which releases electrons in a 
steady stream. To understand how a capa- 
citor does this we’ll return to our familiar 
water example. Look at the water tank 
illustrated in figure 3. Imagine that the man 
keeps on pouring in buckets of water. The 
water is entering in spurts or pulses while 
at the same time it flows out of the other 
side of the tank in a fairly constant, smooth 
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stream. Capacitors store and release ener- 
gy in much the same way. 


A low power application 

As an example of low power application 
we will look at a crystal diode. The earliest 
crystal diodes were used in radios of the 
twenties and thirties, where natural lead 
sulphide (galena) crystals functioned as 
semiconductor diodes long before the 
word ‘semiconductor’ was thought of. 
More advanced versions are in use today. 

Figure 4 illustrates an AM radio trans- 
mitting and receiving system. Underneath 
each stage of the system you will notice the 
appearance of the waves at that point. 

In Solid State Electronics 2 it was 
shown how a low frequency microphone 
signal is used to modulate the amplitude of 
high frequency waves produced by an 
oscillator. The modulated signal is first 
converted into radio waves suitable for a 
broadcast aerial and then reconverted into 
electrical waves by the receiving aerial. In 
our example a crystal diode with moderate 
power and frequency ratings is used to cut 
off one side of these modulated waves, in 
the same way as the rectifier did for the 
motor in the preceding example. This 
rectified signal drives the headphones. 

The headphones in turn ‘average out’ 
the radio frequency pulses in much the 
same way as a capacitor does; the ear 
phones are simply unable to respond to 
every little pulse of the high frequency 
carrier waves. The resulting sound they 
produce is a fairly accurate replica of the 
microphone signal. _ 

The microphone is said to modulate 
the signal because it modifies the ampli- 
tude of the high frequency waves emitted 
by the oscillator. The reverse process 

which the diode carries out here is there- 
fore called demodulation or detecting. 
Diodes employed for this purpose are 
called detectors. 

Modern diodes used as detectors 
have the same function as the old galena 
crystal but they are smaller, cheaper, far 
more reliable and they can take more 
power. Since receiving ordinary AM 
broadcasts and driving earphones only 
requires moderate power and moderate 
frequency ratings, these diodes are called 
‘general purpose’ diodes. 
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What is a clamping diode? , 
Clamping is another typical use of diodes. 
It means making sure that the voltage in 
one wire does not exceed that in another. 
In the circuit in figure 5 a transistor is 
used to switch current on and off in an 
electromagnet coil which could be part of a 
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3. The action of this 
water tank illustrates the 
smoothing effect of a 
capacitor. 


4. AM radio transmitting 
and receiving system. 
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2. A primary 
application of diodes is 
converting alternating 
current into direct 
current. 


5. A diode can be used 
as a kind of safety valve 
to protect a transistor 
from damage due to 
surges of high voltage. 





motor or a relay. Like all coils it has 
inductance. Once the electrons in 

the coil start moving they do not want to 
stop even after the transistor is turned off. 
When it is turned off by blocking the 
current at point A the electrons keep 
coming and pile up, causing a high voltage. 
If this becomes too high the current could 
break through the transistor at a danger- 





ously high voltage and damage it. 

The solution is simple. A diode is 
inserted across the coil to act as a safety 
valve. Because of its one way action the 
diode will not allow the electrons coming 
from the power supply to make a detour 
round the coil and enter the transistor. It 
will, however, allow electrons to bypass the 
coil in the opposite direction. So, if the 
voltage generated by the electrons at A is 
higher than that of the power supply (5 V), 
the diode will allow the electrons to pass 
and drain the excess build-up away from 
the transistor. The collector of the transistor 
is in this way ‘clamped’ at 5 volts. The 
voltage can be below 5 volts, but it will 
never be much above it. — 

To sum up: diodes can be used for 
rectifying, detecting and clamping as we 
have shown. Another important use is in 
the building of logic gates, dealt with in 
depth in the Digital Electronics section. 
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Properties of 
semiconductor materials 


The working of transistors, diodes, thyris- 
tors and all other semiconductor devices 
depends on the controlled flow of current 
through semiconductor material. It was 
mentioned earlier that these semiconduc- 
tor materials can be of two types, p-type 
and n-type, which are combined to make 
the actual devices. But in order to under- 
stand how these devices work you need 
first to look at their basic atomic structure. 

A simplified model of an atom (figure 
1) shows a central, positively charged 
nucleus surrounded by negatively charged 
electrons which rotate round the nucleus in 
fixed orbits. The nucleus itself is made up 
of two types of particle: protons which are 
positively charged and neutrons, which are 
neutral. 

The number of protons inside the 
nucleus is equal to the number of electrons 
circling round it and this number is fixed for 
each particular element. For instance, sili- 
con has 14 protons and 14 electrons while 
germanium has 32 protons and 32 elec- 
trons. Figure 1 is a diagram of a silicon 
atom. 

The negative charge of an electron is 
equal and opposite to the positive charge 
of a proton. It therefore stands to reason 
that when the number of electrons is the 
same as the number of protons they cancel 
each other, and the charge on the atom is 
neutral. 

A very basic rule of nature is that like, 
charged particles repel, unlike particles 
attract. So it follows that two protons will 
repel each other as will two electrons, while 
a proton and a neutron attract each other. 

Now let’s look at the electrons orbit- 
ing round the nucleus. They are bound to 
the nucleus by their opposite charge. 
Those in the inner orbit, closest to the 
nucleus, are very tightly bound but as they 


112 




















‘materials 








get further away the attraction between the 
opposite charges weakens, so that in the 
outer orbit the electrons are relatively free. 
They can, under certain conditions, move 
away from the atom and it is this ability of 
the outermost electrons to break loose 
which largely determines the electrical 
properties of semiconductors. 

These outer electrons are called 
valency electrons and the outer orbit is 
referred to as the valency band. You will 


1. The semiconductor 
lattice. Some atoms 

are shown shaded for 
clarity, they are however 
all atoms of the same 
element. 


14 
« Negative 
i Electrons 


=) 


Silicon Atom 


see from figures 2 and 3 that silicon has 
four valency electrons and three orbital 
levels. Although germanium also has four 
valency electrons it has more electrons 
overall, giving it four orbital levels. 


Crystal structure 
When the atoms of an element are brought 
close to one another, as in the case ofa 





7 <s 





Me 





SOLID STATE ELECTRONICS 





2. Diagram of a 


silicon atom. 





3. Simplified diagram 

of a silicon or germanium 
atom, showing the 

four valency electrons. 


solid, they often bind together in a uni- 
form, three-dimensional structure to form 
crystals. The shape of these crystals varies 
according to the elements involved, and is 
determined by the element’s atomic struc- 
ture and, above all, by the valency 
electrons. | 

Knowing that like particles repel, you 
will probably be wondering why the atoms 
bind together. This brings us to another 
important aspect of atomic behaviour. 
Atoms have a tendency to organize them- 
selves into groups and share electrons with 
neighbouring atoms to gain a total of eight 
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electrons in their outer shell. Having eight 
electrons in the outer orbit of an atom will 
render it stable, a state which atoms 
‘desire’. This ‘desire’ binds atoms together 
to form crystal structures. For example, 
silicon and germanium both have four 
valency electrons and require four more to 
make the number up to eight. To get eight 
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ee 
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electrons in the outer shell, silicon shares its 
valency electrons with four neighbouring » 
silicon atoms and at the same time shares a 
valency electron from each of the four 
neighbouring atoms. Bonds formed by the 
sharing of electrons are called covalent 
bonds. 

Figure 2 shows the result, which is 
called a crystal lattice. Germanium and 
silicon have similar crystal structures with 
all the atoms equidistant from each other. 

Before moving on to how silicon acts 
as a conductor there is one more property 
of the atom which we should remember. 
Going back to figure 1 we see that ten of 
the electrons are in the two shells closest to 
the nucleus. These are tightly bound to the 
nucleus, unlike the valency electrons. With 
the nucleus and the two inner shells we 
have ten electrons and fourteen protons, 
giving a net charge of +4. In the outer shell 
we have four electrons, giving a charge of 
—4, So the —4 of the outer shell balances 
the +4 of the core leaving the whole atom 
electrically neutral (see figure 3). However, 
should these electrons become disassoci- 
ated from the nucleus we would have a 
nucleus with a +4 charge and four nega- 
tively charged electrons. 


Pure or intrinsic semiconductors 

A very pure semiconductor material is 
called an intrinsic semiconductor (in prac- 
tice, however, absolutely pure crystals do 
not exist and nearly pure materials are 
called intrinsic). At absolute zero (O0°K or 
—273°C) pure germanium and silicon are 
exactly as shown in figure 4. All the 
valency electrons are firmly held in their 
own atoms, and their covalent bonds are 
stable. The electrons are not free to move 
in the crystal structure, and so they can’t 
conduct electricity; an intrinsic semicon- 
ductor at absolute zero is an insulator. 

So how do silicon and germanium 
become good conductors? The answer is 
through heat and the addition of impuri- 
ties. Let’s first see how heat can turn an 
insulator into a good conductor. 


The effects of heat 

As the temperature increases valency elec- 
trons are given more energy and move 
faster. When an electron reaches a certain 
level of energy it is able to break free from 
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the bond holding it to the original atom. 
This electron is then free to move through 
the crystal structure and becomes a free 
electron. If a voltage is applied to the 
semiconductor these free electrons then 
form the electric current. 

When an electron moves out of its 
orbit it leaves an incomplete covalent bond 
or a hole as shown in figure 5. These holes 
also act as current carriers. Imagine that an 
electron escapes and leaves a hole at point 
A, say. This hole can then be filled by 
another electron which in turn leaves a 
hole at point B. So the electron has moved 
from B to A and the hole has moved from 
AtoB. 

To demonstrate this, think what hap- 
pens when you go to the cinema and find 
that all the seats have been taken, apart 
from one in the middle of the row (figure 
6). You can choose to go directly to the 
seat (thereby acting like a free electron and 
occupying a hole). Alternatively, you can 
ask everyone to move up a seat (which is 
equivalent to the hole moving towards the 
electron). . 

Whenever there is a hole there is an 
associated positive charge, since the net 
positive charge (+4) of the nucleus is now 
greater than the total negative charge of 
the three remaining electrons. So a hole is 
a positive charge carrier. 

At normal ambient temperatures (ab- 
out 25°C), thermal eneray is sufficient to 
generate a large number of free electrons 
and holes in an intrinsic semiconductor. 
Because of this, materials such as germa- 
nium and silicon are reasonable conduc- 
tors of electricity. They are not such 
efficient conductors as copper, but they are 
certainly far better than insulators such as 
rubber, for example. 

In short, an important characteristic of 
intrinsic semiconductors is that their resist- 
ance decreases as temperature increases, 
because the number of charge carriers, 
that is, free electrons and holes, 
goes up, and so the resistance 
goes down. 


What happens when a voltage is 
applied? 

You will remember that a current is defined 
as the orderly flow of electrons ina 
material from the negative to the positive 
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Semiconductor chips . 


being handled during 
laboratory research. 


4. Diagrammatic 
cross-section of a 
semiconductor crystal 
lattice. | 


5. Formation of a free 
electron and a hole, 
caused by increasing 
the temperature of the 
crystal. 


7. How the addition 
of a p-type impurity 
creates holes. 

If the electron at point 
A moves to fill the hole, 
itin turn creates a 

new hole at A. 


6. Voltage applied 
to a semiconductor, 
showing the flow of 
charges and current. 


The symbols shown inside 
the semiconductor indicate 
the flow of electrons (—) 





terminal of the applied power source. 
When a voltage is applied to a 
semiconductor which has free electrons 
and holes, electrons move towards the 
positive terminal and holes towards the 
negative terminal (if electrons are going to 


and holes (+) which result the left, holes can be said to be moving to 
under this applied voltage. jhe right). 





Figure 6 sums up the situation: the 
current in a semiconductor is given by the 
sum of two components: free electrons 
which move in one direction and holes 





which move in the other. 

But it is important to remember that 
the movement of free holes, say to the 
right, is a simple way of describing the 
movement of bound electrons to the left. 
As each bound electron moves to fill up a 
hole on its left, it thereby creates a new 
hole on its right, in the position it previous- 
ly occupied. The holes thus appear to be 
moving to the right. As a consequence, the 
movement of holes in a semiconductor will 
be slower than the movement of free 
electrons. In other words the mobility.of 
holes is less than that of free electrons. 

What then happens to the holes 
when they reach the edge of the silicon 
(point B in figure 6)? The answer is that 
some of the electrons coming from the 
negative terminal of the battery combine 
with the holes. The remaining electrons 
carry on through the silicon as free elec- 
trons. The electrons leaving at point A can 
be subdivided into two groups: those that 
entered the semiconductor at B — coming 
from the battery, and those that have freed 
themselves from atoms to become free 
electrons creating holes. 
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Extrinsic or doped 
semiconductors 





We have mentioned that the conductivity 
of semiconductors increases considerably 
with temperature and with the presence of 
impurities. By adding minute amounts of 
impurities when a semiconductor is still in a 
molten state, crystals can be created with 
extra electrons or extra holes depending 
on the material added. One part in 100 
million is enough to change the resistivity 
of silicon, for instance. 

These impurities, which are added in 
a closely controlled way, are called 
dopants and the process is referred to as 
doping. 

Most semiconductors require doping 
and the level and type of dopant added will 

_ depend on what the device is to be used 

for. It is through doping that we get the p 
and n-types of semiconductor used in the 
manufacture of semiconductor devices. 

Elements with three or five valency 
electrons are used as dopants. Those with 
three are called p-type impurities and 
those with five are called n-types. After the 
impurities are added the material is known 
as an extrinsic semiconductor. 


What is the significance of p- and 
n-types? 

Let’s first consider the p-type. The dopant 
atom occupies a place in the crystal 
structure just like the other semiconductor 
atoms. So what happens, for example, 
when an atom of boron or gallium with 
three valency electrons replaces an atom of 
silicon in the structure? With only three 
valency electrons one of the four covalent 
bonds is incomplete — that is, we have a 
hole (see figure 7). It is then easy for an 
electron from an adjacent atom to move 
into the space. So this dopant gives the 
semiconductor an excess of holes. 

In an n-type impurity like phosphorus 
or arsenic there are five valency electrons. 
When these atoms take up their places in 
the crystal structure they leave a spare 
electron which can easily be moved from 
its orbit (see figure 8). As a consequence, 
n-type dopants result in a semiconductor 
with free electrons. 

If you have difficulty remembering 
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A slice of semiconduc- 
tor material (known as a 
wafer), on which 
hundreds of integrated 
circuits are made. 


which is which, simply think of holes/ 
positive charge/p-type and electrons/nega- 
tive charge/n-type. 

To sum up: in a p-type semiconduc- 
tor there are more holes than free electrons 
and in an n-type semiconductor there are 
more electrons than holes. In an intrinsic 
semiconductor the number of holes and 
free electrons is equal. So, at ambient | 
temperatures, both p and n-type materials g The addition of - 
have a much higher number of charge n-type impurities 
carriers than in an intrinsic semiconductor. _ creates free electrons. 


This characteristic forms the basis of how 
modern semiconductor devices work. 


9. The permitted and 
forbidden energy levels 
for semiconductor 
materials. 


Energy bands 

There is another way of describing electric- 
al conduction in a semiconductor. When a 
single atom of matter is isolated, by being 
placed far from any other atom, the 
electrons in orbit will have a certain 
amount of energy. This energy is distri- 
buted on different energy levels. The 
bigger the orbit, the higher the energy level 
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10. The car park 
analogy. The ground 
floor represents the 
valency band and the 

first floor is the conduc- 
tion band. (a) represents 
conditions at zero 
temperature where no 
conduction is possible. (b) 
represents conditions as 
the temperature rises, and 
free electrons enter the 
conduction band. 
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of the electron. However, a given electron 
can only have certain energy levels. All the 
others are ‘forbidden.’ This means that the 
electron cannot be at any random energy 
level, but must be at a permitted energy 
level. 

When on the other hand the atoms 
are placed very compactly, as they are ina 
semiconductor crystal, the permissible 
energy levels are modified by the presence 
of the adjacent atoms. These then become 
permissible energy bands — energy inter- 


OE 


vals where an electron can be placed. The 
remaining energy levels are forbidden and 
are called prohibited bands. 

In the study of semiconductors it is 
important to examine the valency and 
conduction bands. The conduction band 
is found at a higher energy level than the 
valency band, separated by a prohibited 
band (see figure 9). In an intrinsic semicon- 
ductor at absolute zero, all the valency 
electrons (four per atom) are found in the 
valency band. As the temperature 
increases, some of these acquire sufficient 
energy to become free electrons. They 
cross the prohibited space and take up 
position in the conduction band, leaving 
gaps in the valency band. 

The width of the prohibited energy 
gap indicates the amount of energy which 
a valency electron must gain in order to 
break its covalent bond and become a free 
electron. This energy is measured in elec- 
tronvolts (eV). An electronvolt is the 
quantity of kinetic energy which an elec- 
tron acquires moving between two points 
which have a potential difference of one 
volt. If this unit of measurement does not 
seem very significant, remember that it 
relates to very low overall energy levels. In 
silicon, the energy gap is about 1.1 eV and 
in germanium, about 0.7 eV. This means 
that less energy is required to break a 
bond in germanium than in silicon. 

An intrinsic semiconductor at abso- 
lute zero temperature has a full valency 
band and an empty conduction band, so it 
behaves as an insulator and no electrical 
current can pass through it. As the temper- 
ature rises, the conduction band begins to 
fill up with free electrons and the valency 
band empties; this makes conduction 
possible. 

You can compare this process to a car 
park with two floors. The ground floor 
corresponds to the valency band and the 
first to the conduction band. If the ground 
floor is completely full and the first one 
empty, as in figure 10a, no movement of 
the cars is possible at all. If a car is 
transferred from the ground to the first 
floor, movement is possible on both floors 
(figure 10b). 

If n-type impurities are added to an 
intrinsic semiconductor, the number of free 
electrons in the conduction band increases 
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considerably. If the added impurities are 
p-type, the number of gaps in the valency 
band will increase. In n-type semiconduc- 
tors, the greater part of the current is made 


up of free electrons in the conduction 


band. These are called sane’ carriers. 
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The gaps are called minority carriers. In 
p-type semiconductors the situation is re- 
versed: the greater part of the current is 
caused by holes in the valency band and 
these are the majority carriers, while the 

free electrons are the rami carriers. , 
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Understanding Ohms law 


1. Connection of an 
ammeter and voltmeter in 
an electrical circuit. 


2. Diagrammatic 
representation of Ohm’s 
law. 





he fundamental relationship between 

current, voltage and resistance forms the 
basis of all electrical circuits. This relationship is 
known as Ohm’s law. 

By looking at some measurements made 

on an electrical circuit using an ammeter and a 
voltmeter (as shown in figure 1), it is possible to 
get a better understanding of this relationship. 
The ammeter is connected in such a way that 








all the circuit current flows through it and the 
voltmeter is connected so that it measures all 
the voltage applied to the circuit. 

The first set of measurements are made 
under the following conditions: 
— the resistance (R) has a value of 450 ohms 
and will not vary significantly because it is 
made with constantan wire (an alloy of copper 
and nickel). 
— the voltage is progressively increased. 
The results which show current intensity 
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against voltage level are given in table 1. 

From this it can be seen that for a fixed 
resistance value, the current intensity (I) 
increases in direct proportion to the increase 
in voltage (V). In other words, in a circuit with 
a fixed resistance the current is directly 
proportional to the voltage. 

A different series of measurements high- 
lights another concept. The circuit is still the 





same but this time the voltage will be kept 
constant and the resistance varied. The results 
for the second series of measurements are 
shown in table 2. This time you can see that as 
the resistance is increased the current de- 
creases. In other words, in a circuit with a fixed 
voltage the current is inversely proportional to 
the resistance: if the resistance doubles the 
current is halved. 

Both concepts can be stated 


mathematically: 
Resistance = = VOSGES, rR= ae 
Current I 
and with regard to the units of measurement: 
10= eee 1 x = 
1A A 


This is Ohm’s law and it can also be 
expressed in the following ways: 


V=RxI orl =— 
R 


Therefore any one of the three fun- 
damental circuit values can be found if the 
other two are known. 

Figure 2 shows a diagrammatic repre- 
sentation of the three values, which you may 
find helps you to remember the relationship 
between them. 

Here are three examples to help clarify 
what has been covered so far. 

1) A user knows his circuit load resistance 
should be 880 ohms. He wants to calculate the 
current (I) when a voltage of 220 V is applied to 
the circuit. Using figure 2 you simply cover the 
value to be found (I), and you are left with the 
formula to find it (V/R). The calculation then is: 
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Left: Two measuring 
instruments, a voltmeter 
and ammeter. 








V 220V 


eed 


R 880 0 


= 0.25A 


| When the circuit is measured with an 
ammeter it should closely correspond to this 
value. 
2) In a circuit with a resistance of 400 ohms, 
what voltage must be applied to give a current 
of 0.25 A? In this case, cover the V in figure 2 
and you are left with I/R. Therefore the formula 
to use as a basis for your voltage calculation is: 


V=R xI1= 400 x 0.25 = 100 V 


3) A load absorbs a current of 0.3 A with a 
voltage of 27 V. To find the formula to 
calculate the load resistance, cover up the R in 
figure 2. This time.you are left with V/I thus: 


5 ee 


= —~900 
I 0.3A at 


et 


When we described the power supply 
previously it was said that some voltage was 
lost in pushing the current through the internal 
resistance. Now it can be seen that the voltage 
loss is due to an Ohm’s law effect. 

An electric circuit has two extreme condi- 
tions: open circuit and short circuit. 

An open circuit exists when the circuit 
includes an infinitely high resistance: this is 
normally when the switch is open (i.e. in its off 
position). In this condition no current will flow. 
Think of a generator (a dynamo, for example) 
that keeps on turning but doesn’t supply any 
current if the circuit switch is open. Even the 
wall sockets in your home can be thought of in 
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the same way. With nothing plugged in, no 


current flows. (But remember that the voltage 


is always there, so be careful.) However, since 
no current is flowing, the voltage on the 
terminals of the source is always equal to the 
EMF of the source: V = E. 

The other extreme condition, short cir- 
cuit, occurs when the circuit has an almost 
infinitely small resistance. For example, when 
the terminals of a car battery are connected 
directly together or when the lead of an 
electrical appliance is cut and the copper wires 
touch each other. The short circuit current 
when associated with a sufficiently high 
voltage, can be very dangerous. The current 
that flows through the circuit is limited only by 
the internal resistance R; of the source and is 
therefore very high: 


Short circuit current = = 
i 


In practice, fuses or other types of secur- 
ity devices guard against this by becoming 
open circuits when too much current flows. 

_ The human body can also be considered 
as a ‘load’ in an electrical circuit. It has an 
electrical resistance that can vary both from 
person to person and, in any person, from 
moment to moment. The skin has the highest 
resistance while the internal organs have a very > 
low resistance. The skin’s ability to withstand 
electric shocks varies from a few hundred ohms 
to many thousands of ohms depending on 
state of health, humidity and anxiety. Old 
fashioned lie-detector machines used this fact 
as the basis of their operation. U 
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A digitally created 
video picture of Saturn. 
Even complex computer 
graphics ultimately rely 
on digital codes based on 
O and 1. (photo IBM). 


Data and 


instruction codes 


How a computer works 
with numbers 


For a real understanding of how computers 
work, it’s important to go back to basics 
and see how the numerical codes they use 
are constructed. A computer program is 
essentially a coded message, which is 
translated by the computer into its 
machine code, made up of binary digits. 

We'll look at how different binary 
combinations can be used to represent all 
the information that a computer needs to 
operate a program — i.e. numerical and 
alphabetical data, and the machine 
instructions which control program 
operation. 








The arithmetic of computers 

In order to do any work, the computer 
must be able to represent and store the 
numerical or alphabetical data it has to 
work on, and the instructions which tell it 
what to do. 

Let’s look first at how numerical 
information is represented. 

We are used to representing numbers 
by means of the decimal numbering sys- 
tem. It consists of ten symbols (0, 1, 2,.. . 
9), which allow any quantity to be repre- 
sented by using a positional criterion. 
That is to say, each figure in a number 
assumes a different value according to 
where it is written in relation to others. A 
one written to the left of a nine indicates 
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_ the number nineteen — one ten and nine 

ones. 4 
In every number system we have to 

know how to define the value and the 
position of each digit in a number. Digits 
are weighted according to their position. In 
the decimal system numbers are weighted 
according to a power of ten, as this is the 
base number. For example the number 
five hundred can be thought of as 5 x 10%. 
The figure 2 | is known as the coefficient, 

and the 107 is the weight. As another 

example, five thousand can be thought of 
as: 


Coefficient *< Weight = Product 
5 x 10° = 5000 


The figures of the number 567 have the 
following values: 


Coefficient <= Weight = Product 
5 x 100(107) = 500 
6 x  10(10') = 60 

( Xie MIO et 
= 567 


The weights here are 10°, 10', 10*. As you 
expect the value of the coefficient can vary 
from 0 to 9. The first position is called 
units, the second tens, the third hundreds 
and so on. If there is a 9 in the unit position 
and 1 is added, the figure in that position 
becomes zero and the next position to the 
left is increased by one (carried). Moving a 
figure to the next position to the left is the 
same as Giving it a value ten times greater. 
In short, each whole decimal number can 
be expressed as the sum of the product of 
the individual digit and its respective 
weight (which is ten to the according 
power). The decimal system of counting is 
known as ‘to the base 10’. 

The binary system of counting is 
based on two symbols, 1 and 0. It is ideally 
suited for use by computers as they are 
made up of components which are capable 
of presenting two opposing distinct states. 
For example, a magnetic tape can be 
magnetised in either of two directions; a 
transistor, like a switch, can be on or off. 
The binary system can be used to repre- 
sent both numbers and letters according to 
the way in which it is used. 

Although programming languages 
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Numerical-control 
robots being used to 
assemble computers. 


enable users to converse with computers in 
ordinary characters and figures we need to 
understand the binary system to know how 
a computer works. 


What the binary system is 

Remember, the binary system is arranged 
according to the base number two and 
represents numerical quantities using rules 
which are similar to the decimal system. 


The difference is that it only uses the two 


symbols, 0 and 1. The binary system is also 
a positional numerical system. The weight _ 
of each single digit within a number is a 
power of 2, instead of a power of 10 asin 
the decimal system. Brackets and the base 
written at the bottom right of the figure are 
used to avoid confusion between numbers 
in different bases. 

The binary number 1011 (reading as 
‘one, zero, one, one’, not ‘one thousand 
and eleven’) can be converted into the 
decimal equivalent as follows: 


Coefficient Weight = Product, 9 
1 x 2 = 3 
0 ey eee 
1 eo ee 
1 x Q =e | 
Decimal total =f] 


Converting decimal to binary numbers 
To convert a decimal number into binary 
the ‘successive division’ method is used. 
Suppose that you wish to find the binary 
representation of the number 1983. Divide 
it by two and you will get a whole number 
and a remainder which is either O or 1. 











———— 


penton Taare 





Table 1: Adding and 
multiplying in binary. In 
computer notation, mul- 
tiplication is shown by 


an asterisk to prevent con- 
fusion with the letter X. 


Example of an on-line 
computer facility. The 
terminals are connected 
to a central computer. 


Now divide the result by 2 and repeat the 
‘procedure until you get the answer 0. The 
remainders of the successive divisions, 
taken in order from the first to the last give 
the binary representation of the number 
from the least to the most significant digits. 
The least significant digit is the one which 
corresponds to power zero of the base and 
is the one we write on the far right of a 
number. The most significant digit cor- 
responds to the greatest power of the base. 














1983 2 = 991 remainder 1 
991 + 2 495 remainder 1 
495 + 2 247 remainder 1 
247 + 2 123 remainder 1 
123 + 2 61 remainder 1 

61 Zz 30 remainder 1 

30 Z 15 remainder O 

15 a 7 remainder 1 
Te 2 3 remainder 1 
Soe 2 = 1 remainder 1 
teas 2. O remainder 1 





which gives us the binary number 
(TAATOUT IAAT). 

The rules for carrying out arithmetic 
in the binary system are the same as 
decimal ones. See table 1. 

This is how whole numbers can be 
converted from the binary system to de- 
cimal and vice versa (we'll look at fractions 
later on). These conversion operations, 
although simple in concept, are long and 
boring to carry out, and there are other 
disadvantages — even small numbers are 
lengthy to write and there is a high 
possibility of error in manipulating so many 
digits. 


How numbers can be simplified 

There are two number systems which can 
help lessen the difficulties caused by bin- 
ary; they are the octal and hexadecimal 
systems. These are both more compact 
and can be easily converted back into 
decimal or binary. 

The octal number system is arranged 
according to the base 8. It is a positional 
system and uses the eight symbols 0 to 7. 
As an example let’s convert the octal 
number 536 into decimal: 








Coefficient xX ‘Weight = Producto 
5 x “8 = 320 
3 x 8 =. gf 
6 << e O 
Decimal total = 350 
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Decimal numbers can be converted Coefficient =< Weight = Producto — 
into octal by use of the successive division A x 16° -="2560 
method. For instance to reconvert the o x 161. =... 48 
decimal number 350 into octal: B x AU ee 

350 + 8 = 48 remainder 6 Decimal total ae = 2619 
43 + 8 = _ 5remainder 3 
5 8 = #£Oremainder5 Or to turn 2619 back into hexadecimal we 
use successive division: | 3 

Remember that the last remainder of 
this operation is the most significant digit of 2619 + 16 = 163remainder11=B 
the converted number. So the answer is: 163 + 16 = #£10remainder 3=3 

350)19 = (536)s. 10 16 = O remainder 10 =A 


The results of octal multiplication and 
addition are summarized in table 2. 

The conversion of an octal number 
into binary and vice versa can be done 
very quickly. Bearing in mind that 3 = vie 
you can see that a binary number can be 
converted into octal by grouping its digits 
in threes, from the least to the most 
significant, and then converting each bin- 
ary group into the corresponding octal digit 
by reading each group as a separate binary 
number. For instance, suppose we convert 


the binary number 1001001101101110 
into octal: 








Binary 1 001 001 101 101 110 
Octal 1 1 1 5 5 6 


An octal number can be easily converted 
into binary by substituting the correspond- 
ing three digit binary number for each octal 
digit. 


Octal — «1 1 il 5 5 6 
Binary 1 001 O01 101 101 110 








This is much quicker than using the 
successive division method and in fact the 
a octal system is often used to represent the 
internal information of a computer in a 
more compact and manageable form. 


The hexadecimal number system 
The hexadecimal system is arranged 
according to the base 16. The numbers 0 
to 9 are represented by the conventional 
symbols but 10 to 15 are represented by 
the letters A to F. The usual rules of 

—_ number conversion apply. For instance 
let’s find the decimal values of the hexade- 
cimal number A3B: 
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The same principle is true for number 


1001 0011 0110 1110 


Binary 








| systems with bases other than 10. So the 
conversion of a binary, octal or hexade- 
cimal equivalent is as follows: 


0.11001,= 1 x21 =0. 
1x2? =0.25+ 
Ox2° =0.00+ 
Ox2* =0.00+ 
| 1x2° =0.03125 + 
= 0.78125 


Converting a decimal fraction into a diffe- 
rent number system is done using the 
successive multiplication method, as fol- 
lows. 

The original (decimal) number is 
multiplied by the base of the new number 
system. The whole number part of the 
answer gives the first figure to the right of 
the decimal point in the new representa- 


tion. The answer, with the whole number 





removed, is again multiplied by the base. each aroup its corresponding octal digit. 
The whole number part of this answer is 

the second figure to the right of the decimal .11101. 7 

point. This procedure continues until a = 0 11101, 

complete answer is obtained. i oe 


For example let’s convert the decimal To convert an octal fraction to binary just 
fraction (0.90625),, into binary, octaland __ replace each digit with the corresponding 
hexadecimal. group of three bits. With binary-hexade- 

cimal conversion the same theory applies, 


90625: -X<2rZ = 1:81250 1 only this time the groups are of four bits. - 
| 0.81250 x 2 1.6250 1 
Op62006. 22% 2 1.250 1 O.11101, 
0.25 Cees =e 0 = 0.1110 1000, 
0. x =e 1 =Q.° 816 





an which gives us the binary fraction 0.11101 Occasionally when converting a fraction 
| | you will get a periodic number, that’s to 


0.90625 x 8 =o say one that has an infinite number of 
0.25 x 8 = 2.00 fractional digits which go on repeating 
| periodically. For instance if we convert’ 
which gives us the octal fraction 0.72 0.1)1> into binary: 
; 0.90625 x 16 =145 0.1 = 0 
| 0.5 x 16 = 8.0 02° XZ = 0.4 0 
O04. x -Z = 0.8 0 
which gives us the hexadecimal fraction 657% 2 = |6 it 
| O.E8. 0.6 x 2 a ee L 
: As with whole numbers, conversion O26 0.4 0 
from binary to octal to hexadecimal etc is a Ke = 0.8 0 - 
easily done. To change a binary fraction to 
its octal equivalent, just group the digitson andsoon. 
the right of the point in threes from left to It is impossible to get an exact binary 
right. The last must have sufficient zeros equivalent of a periodic number so they 


added to make a group of three. Then give are approximated by computers. 
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Typical home computer 
keyboard for the input of 
instructions in the simple 
programming language 
BASIC. The computer 
translates these instruc- 
tions into a binary-based 
machine code it can 
understand, to carry out 
the required operations. 


1. How a single 
precision floating point 
number is represented in 
two 16 bit words. 
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How positive and negative numbers 

are represented 

Now let’s look at how positive and nega- 
tive numbers are distinguished by the 
computer. To simplify this we shall take the 
case of a four bit memory word. The 
different configurations of bits which can 
be represented in this are: 


OO00 0100 1000 1100 
0001 0101 1001 1101 
0010 0110 1010 1110 
OO11 O111 HOT 1111 


These are the positive whole num- 
bers from 0 to 15, that is to say from 0 to 
2*_1. To generalise, we can say thatina 
word N bits long, all the positive whole 




















numbers from 0 to 2N—1 can be repre- 
sented. To represent both positive and 
negative numbers we can use half the 
configurations for positive numbers and 
the other half for the negative numbers. 
To go back to the 4 bit word, the first 
8 configurations from 0000 to 0111 are 
used to represent positive numbers from 0 
to +7, the second 8 configurations repre- 
sent negative numbers from —8 to —1: 


0000 = O 1000 = -8 
0001 = +1 1001. = —7 
0010 = +2 1010 = -6 
0011 = +3 101L = =3 
0100 = +4 1100 = -4 
0101 +3 11012 =. =3 
0110 +6 L1G oS =2 
O11. = -+/ 11it = 1 


The representation of a negative bin- 
ary number is obtained by subtracting the 
same positive number from 2y (N = the 
number of bits in the word). Here the 
number would be subtracted from 10,000 

i.e. 2* expressed in binary). A simpler 
method is to invert the positive number 
bit by bit and add 1 to the result. 

For example, find the representation 
of —)ina 4 bit word. 


127 





Tony Stone Photo Library — London 


a 


+5 asa 4 bit word = 0101 
Invert this 1010 
Add 1 to the result = 1011 


which gives us the representation of —5 in 
a 4 bit binary word. This process is called 
two’s complement representation. Note 
that the negative numbers have a 1 in the 
most significant bit position, while the 
positive numbers have a 0. 

Generalizing this process, we can sa 
that in a word of N bits we can represent 
positive numbers from 0 to + (gh-1_1) 
and negative numbers from —1 to = a 

When numbers are represented as 
negative, subtraction is achieved by addi- 


tion (adding a negative number being the 
same as subtracting a positive number): 


5-7=5+4(-7) = 0101 + 1001 
which is: 0101 
1001 + 
= 1110 


1110 = -2 


This means that both addition and subtrac- 
tion can be done by the same circuits in a 
computer, which considerably reduces the 
hardware involved. 

(continued in part 5) 





An operating console 
which is in direct con- 
trol of a computer sys- 
tem. Pressing a certain 
key will directly 
communicate a specific 
instruction. This type of 
system is used to control 
large industrial com- 
plexes or public services, 
such as power stations or 
oil supply terminals. 





TEST YOUR PROGRESS 
with the 


LEC. OUIZ 


DIGITAL ELECTRONICS — 2 


1. Which of the following may be called a ‘coincidence 
detector?’ 


a AND gate 
b OR gate 


2. Which is the best way to imagine the internal operation of 
a positive AND gate? 
a Switches connected in series c MOS transistors connected in 
b Switches connected in parallel series 
: d MOS transistors connected in 
parallel 


c Both of the above 
d None of the above 


3. How many inputs can an AND gate or an OR gate have? 


a One c Three 
b Two d Two or more 


4. The precise, official definitions of the AND, OR, and NOT 
functions are in terms of: 

a On and off, or high and low 
voltage 

b 1 (yes) and 0 (no) 

5. What do we call a table that shows the /ogical state (1 or 
0) of a digital circuit’s output for every possible combination 
of logical states in the inputs? 


a Truth table c Either of the above 
b Function table d Both of the above 


6. What do we call a table that shows the electrical state ofa 
digital circuit’s output for every possible combination of 
electrical states in the inputs? 


a Truth table 
b Function table 


c Either of the above 
d None of the above 


c Either of the above 
d Both of the above 


SOLID STATE — 4 


1. Diodes derive their name from the fact: 


a They have only two electrodes __c They are both a regulator and 
or electrical connections. a switch. 
b They can control two different d They can operate within two 
circuits at the same time. distinct voltage ranges. 

e None of the above. 


2.The basic function of a diode is to: 


a Act as a one-way valve for the __c¢ Enable electrons to flow in one 
flow of electrons. direction but to be blocked from 
b Act essentially as a switching- flowing in the opposite direction 
type device. d None of the above. 
ea,bandcabove 


3. Power rectification is one function of a diode and in this | 
situation It: 
a Converts alternating currentto c¢ Can be coupled witha 
direct current capacitor to provide a relatively 
b Converts direct current to smooth source of direct current. 
alternating current d None of the above 

e aandc, above 


4. When a diode is used in a circuit to prevent the voltage 
in one wire from exceeding the voltage in a second wire 
itis being used as a: 


a Clamping diode 
b Detector diode 


c Rectifier 
d Ail of the above 


SOLID STATE —5 


1. How many valency electrons does a silicon atom have? 


a 14 c4 
b 32 d3 


2. How many electrons are needed in an atom’s outer shell 
to make it stable? 
a4 c2 


| b10 d8 
3. An important aspect of intrinsic semiconductors is that 


their resistance decreases as temperature increases. This is 
because: 

a The number of holes goes c Electrons move towards the 
positive terminal 

d Holes move towards the 
negative terminal 


own 
b The number of free electrons 
goes up 


Answers to last week’s quiz: COMPUTER SCIENCE-2 
1b2True3 True4d5b6b/7True8b 


P| 910 True 11b 12 True 13.4 


4. In a p-type semiconductor there are: 


a More electrons than holes c There is an equal number of 
b More holes than free electrons holes and electrons 


5. In an intrinsic semiconductor at absolute zero, the valency 
electrons are found where? 


a Conduction band 


c Prohibited space 
b Valency band 


d In acovalent bond 


6. The width of the prohibited energy band for silicons is: 


al.4eV 
b 2.1 eV 


cl.leV 
d 0.7 eV 


SOLID STATE ELECTRONICS-3 
1d2c3d4False5c 





COMING IN 
PART 5 


How does the computer know what to 
do with the data it receives? Find out 
about different machine codes in 
the second part of Basic Computer 
Science — 3. 
Most semiconductor devices are 
based on the p=n junction. The next 
chapter of Solid State Electronics 
gives you a real understanding of this 
transition zone. Oe ee 
Discover the different families of [eer ee ee ae 
integrated logic circuits — | Sm 
TTL, CMOS, NMOS, ECL — how 
they are constructed, and in which 
pes of circuit design each 


one is best applied. 























PLUS: Basic Theory Refesher— 
connecting circuits in 

series and parallel and the part 
that work, power and 
efficiency play in electronics. 





